Prematurity complicates 12% of births, and young adults with a history of prematurity are at risk to develop right ventricular (RV) hypertrophy and impairment. The long-term risk for pulmonary vascular disease, as well as mechanisms of RV dysfunction and ventricular-vascular uncoupling after prematurity, remain poorly defined. Using an established model of prematurity-related lung disease, pups from timed-pregnant Sprague Dawley rats were randomized to normoxia or hyperoxia (fraction of inspired oxygen, 0.85) exposure for the first 14 days of life. After aging to 1 year in standard conditions, rats underwent hemodynamic assessment followed by tissue harvest for biochemical and histological evaluation. Aged hyperoxia-exposed rats developed significantly greater RV hypertrophy, associated with a 40% increase in RV systolic pressures. Although cardiac index was similar, hyperoxia-exposed rats demonstrated a reduced RV ejection fraction and significant RV-pulmonary vascular uncoupling. Hyperoxia-exposed RV cardiomyocytes demonstrated evidence of mitochondrial dysregulation and mitochondrial DNA damage, suggesting potential mitochondrial dysfunction as a cause of RV dysfunction. Aged rats exposed to postnatal hyperoxia recapitulate many features of young adults born prematurely, including increased RV hypertrophy and decreased RV ejection fraction. Our data suggest that postnatal hyperoxia exposure results in mitochondrial dysregulation that persists into adulthood with eventual RV dysfunction. Further evaluation of long-term mitochondrial function is warranted in both animal models of premature lung disease and in human adults who were born preterm.
Rates of prematurity have steadily increased over the past few decades, now accounting for 10-12% of live births in the United States (1) . With improvements in neonatal care and increasing survival of premature infants, the number of adults born premature is also rising. While prematurity is clearly associated with increased risk for pulmonary (2) (3) (4) , metabolic (5, 6) , and systemic cardiovascular disease (7, 8) into adulthood, the long-term implications of prematurity for the right ventricle (RV) and pulmonary vasculature remain poorly defined. A potential role for prematurity in the development of adult pulmonary arterial hypertension has been suggested by a recent registry study (9) , though the mechanisms remain unknown. Furthermore, in a landmark study in 2013, Lewandowski and colleagues (8, 10) demonstrated that young adults born preterm exhibit greater RV mass and lower RV ejection fraction than age-matched adults born at term, and these RV changes were significantly greater than changes observed within the left ventricle (LV). However, this study did not evaluate the effect of prematurity on the pulmonary vasculature or RV-pulmonary vascular coupling, making it difficult to identify if prematurity represents a direct insult to the RV independent of the effects of increased afterload and pulmonary hypertension, or rather leads to chronic RV changes as a consequence of the effects of prematurity on the pulmonary vasculature.
Animal models have been used to help characterize the long-term risks of prematurity. In the neonatal rat or mouse born at term, the lung developmental stage at birth is similar to a human infant born in the late second trimester. Postnatal hyperoxia exposure (Hx) in neonatal rodents is frequently used to mimic chronic lung disease of prematurity, also known as bronchopulmonary dysplasia (11) . Importantly, the rodent heart is also relatively premature at the time of birth, suggesting that this model may be appropriate to mimic the effects of prematurity on the heart as well (12) . Brief neonatal oxygen exposure in mice was previously associated with increased RV hypertrophy, reduced pulmonary microvasculature, and premature death in adulthood (13) . Given that the initial injury in these models, and in humans born prematurely, occurs during a period of late cardiopulmonary development, there may be unique RV adaptations and maladaptations to neonatal Hx and chronic pressure overload.
We hypothesized that postnatal Hx results in chronic pulmonary hypertension, RV dysfunction, and decreased efficiency of RV-pulmonary vascular coupling in an aged rat model of chronic lung disease of prematurity, resulting in an increased potential for RV failure later in life. To better understand the risk for RV failure, we also investigated the role of adaptive and maladaptive remodeling responses in contributing to a dysfunctional RV phenotype. Given the known sex differences in RV function in health and disease (14) , as well as the propensity for premature male neonates to develop more severe bronchopulmonary dysplasia and pulmonary hypertension (15), a secondary aim was to evaluate sex-specific RV responses after postnatal hyperoxia. Here, we demonstrate a phenotype of RV-pulmonary vascular uncoupling and RV contractile dysfunction in the absence of overt RV failure associated with impaired mitochondrial biogenesis and mitochondrial DNA damage, with changes being most pronounced in hyperoxia-exposed male animals. Some of the results of these studies have been previously reported in the form of an abstract (16) .
Materials and Methods

Animal Model
Timed-pregnant Sprague Dawley dams delivered naturally at term. Within 12 hours of birth, male and female newborn pups were pooled and randomized to normoxic exposure (Nx) or Hx. Both groups were housed in standard rat cages within a sealed 3099 3 2099 3 2099 polypropylene chamber with a clear acrylic door (Coy Laboratory, Grass Lake, MI), with continuous oxygen delivery set to achieve 21% fraction of inspired oxygen in the normoxic chamber and 85% fraction of inspired oxygen in the hyperoxic chamber. Dams were rotated between chambers daily to prevent maternal oxygen toxicity. At the end of the 14-day exposure period, all animals were removed from the chambers. Pups were weaned at 21 days. Animals were then allowed to age out to 1 year (z52 wk) in standard animal housing. Animals were allowed access to food and water ad libitum throughout the study. All animal protocols were approved by the University of Wisconsin (Madison, WI) Institutional Animal Care and Use Committee.
Echocardiography and Invasive RV Pressure-Volume Loops
Echocardiography and RV pressure-volume loops were performed in the University of Wisconsin Cardiovascular Physiology Core, as previously described (17, 18) . Full descriptions of the techniques are available in the online supplement.
Tissue Harvesting and Fixation
After hemodynamic assessment, animals were exsanguinated. The heart was excised and the RV separated from the LV and septum and weighed for calculation of Fulton index. The RV apex was fixed in formalin, embedded in paraffin, and stained with Masson's trichrome for evaluation of fibrosis. Images were taken at 403 with an Olympus BX60 microscope (Olympus, Waltham, MA), and scored qualitatively by two blinded observers for severity of fibrosis. Collagen content was assessed as described in the online supplement. Lungs were inflated and fixed in formaldehyde for vascular analysis, as described in the online supplement.
The remainder of the RV was flash frozen for biochemical assessment or frozen section. Cryosectioned RV was obtained at 7-mm-thick sections and stained with cytochrome c oxidase (COX) and succinate dehydrogenase (SDH) dual staining, as previously described (19) Western blotting using quantitative nearinfrared fluorescence (LICOR Imaging System; Lincoln, NE) and quantitative realtime RT-PCR of RV homogenates were conducted, as previously described (20) and as outlined in the online supplement. Citrate synthase activity assay was performed using a citrate synthase activity colorometric assay kit (Bio-Vision, Inc., Milpitas, CA), per the manufacturer's instructions. Full methods details can be found in the online supplement.
Statistical Analysis
Two-way ANOVA was used to compare normoxia to Hx including analysis of sex differences, with Bonferroni's multiple comparisons test used for analyzing sexrelated differences (GraphPad Prism 6; GraphPad Software Inc., San Diego, CA). A P value of less than 0.05 was considered significant. Figure 1A ). Hx rats also exhibited significant increases in RV mass, as assessed by Fulton index, and RV mass normalized to body surface area, estimated by the Vallois equation (21) , with differences between Nx and Hx being more pronounced in males ( Figures 1B and 1C ). There were no significant effects of hyperoxia on gross LV mass or LV mass normalized to body surface area ( Figure 1D ).
Results
Rats
Noninvasive hemodynamic assessment by echocardiography identified an increased RV wall thickness in male and female Hx animals ( Table 1 ). An increase in LV wall thickness compared with Nx was only noted in Hx-F (Table 1 ). Hx also resulted in an increased velocity through both the pulmonic and aortic valves, suggestive of increased pulmonary and systemic pressures or, alternatively, of increased stroke volume and cardiac output (CO). However, aside from expected differences between sexes due to body size, no significant differences were identified in LV ejection fraction, LV fractional shortening, stroke volume, CO, or cardiac index by echocardiograph after Hx (Table 1) .
Invasive Hemodynamic Assessment Reveals Significant RV Dysfunction and RV-Pulmonary Vascular Uncoupling with Age after Hyperoxia
Invasive hemodynamic assessment by pressure-volume admittance catheter revealed significant pulmonary hypertension after Hx, particularly in Hx-M, as evidenced by a 59% increase in RV systolic pressure and 64% increase in RV diastolic pressure in Hx-M compared with Nx-M (Figures 2A and 2B ). This was associated with increased pulmonary arterial elastance, again present in both Hx sexes, but most pronounced in Hx-M ( Figure 2C ), suggestive of an increase in RV afterload in Hx animals. To better understand the cause of increased RV afterload and the elevated arterial elastance identified by invasive hemodynamic assessments, we analyzed pulmonary vascular density by von Willebrand factor staining. Animals exposed to postnatal hyperoxia demonstrated significantly fewer vessels per high-power field compared with controls (see Figure E1 in the online supplement), suggesting decreased pulmonary vascular surface area as a cause of pulmonary vascular disease.
Although CO was not different after Hx ( Figure 2D ), RV cardiac contractility, as measured by the end-systolic pressure-volume relationship was significantly decreased after Hx ( Figure 2E ), and RV ejection fraction was depressed ( Figure 2F ). Hx animals also demonstrated evidence of increased diastolic dysfunction, demonstrated by a prolonged relaxation time (Tau; Figure 1 . Body weight and right ventricular (RV) weight are increased after postnatal hyperoxia. Postnatal hyperoxia exposure (Hx) is associated with increased body weight (A) and RV hypertrophy (B) with age. When normalized to body surface area (BSA), RV mass (C), but not left ventricular (LV) mass (D), was significantly higher. Error bars, SEM. Analysis by two-way ANOVA with Bonferroni's multiple comparisons test; n = 7-9 per group. F, female; M, male; Nx, normoxia; RV/LV 1 S, RV to LV plus septum (S) ratio. *P , 0.05, **P , 0.01, ***P , 0.001. Figure 2H ). The end result was severe ventriculo-vascular uncoupling with age in Hx animals ( Figure 2I ). Taken together, these data suggest significant RV dysfunction in the absence of overt failure, and an inability of the RV to compensate for the increased afterload in Hx animals. -4E) , suggestive of an increase in overall mitochondrial content, as these are frequently used as mitochondrial loading controls (24, 25) . These changes were most prominent in Hx-M. Citrate synthase activity was also increased in Hx-M ( Figure 4F ), again supportive of an increase in total mitochondrial content. Finally, the ratio of mitochondrial to nuclear DNA was increased in Hx RV, again supportive of an increase in total mitochondrial content ( Figure 4G) . Surprisingly, despite the evidence of increased mitochondrial abundance in aged Hx animals, there was a significant decrease in transcription of genes associated with mitochondrial biogenesis, including peroxisome proliferator-activated receptor g coactivator 1a, mitochondrial transcription factor A, and peroxisome proliferator-activated receptor a ( Figures 4H-4J Figures 5A and 5B) . As COX is partially encoded by mitochondrial DNA, whereas SDH is nuclear encoded, this pattern of functionally COX-deficient cells is highly suggestive of accumulation of mitochondrial DNA damage at 1 year of age (19, 26) . Importantly, mitochondrial DNA deletion mutations that accumulate with age are typically large, involving the major arc with the gene encoding mitochondrially encoded nicotinamide adenine dinucleotide 1 reduced dehydrogenase (ND) 4 routinely deleted, whereas the minor arc including mitochondrially encoded ND1 is typically preserved (27) . Thus, to corroborate our finding of DNA damage, we analyzed the ratio of ND4:ND1 by PCR and identified that hyperoxia-exposed animals had significantly lower ND4:ND1 than controls ( Figure 5C ). Finally, hyperoxia-exposed animals demonstrated a decrease in antioxidants, specifically superoxide dismutase 1 and 2 with findings again most notable in Hx-M, which could further predispose to or exacerbate oxidative stress ( Figures 5D-5F ).
Postnatal Hx Is not Associated with Impaired Autophagy or Enhanced Cardiac Fibrosis with Age
As mitochondrial dysfunction is frequently reported in cardiac aging (28-30), we evaluated alternative processes of accelerated cardiac aging after postnatal 
Although cardiac output (CO) is maintained (D), RV function is characterized by systolic and diastolic dysfunction, as measured by end-systolic pressure-volume relationship (E) and RV ejection fraction (F), and EDPVR (G) and Tau
Weiss relaxation factor (H), respectively. The end result is significant RV-pulmonary vascular uncoupling, as defined by a marked decrease in end-systolic elastance/arterial elastance (I). Error bars, SEM; n = 7-9 per group. Analysis by two-way ANOVA with Bonferroni's multiple comparisons test. Ea, arterial elastance; EDPVR, end-diastolic pressure-volume relationship; Ees, end-systolic elastance; ESPVR, end-systolic pressure-volume relationship. *P , 0.05, **P , 0.01, ***P , 0.001.
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Hx, including impaired autophagy or enhanced cardiac fibrosis. Analysis of key autophagy proteins, including beclin, p62, microtubule-associated protein light chain 3 I to II conversion, and lysosomeassociated membrane protein 2, did not indicate alterations in RV autophagy after postnatal Hx (Figures 6A-6E) . Furthermore, RV hydroxyproline content and Masson's trichrome scoring failed to identify increases in RV fibrosis ( Figures  6F-6H ), suggesting overt cardiac fibrosis was not the cause of impaired RV systolic or diastolic function.
Discussion
Postnatal Hx in rodents aged to 1 year, or roughly 30 human years, recapitulates several of the known clinical features of young adults with a history of premature birth. Specifically, we identified increased body mass, increased RV mass, and a decreased RV ejection fraction in rats 1 year after postnatal Hx, consistent with clinical studies of adults born prematurely (10, 31) . Our model was also characterized by chronic RV pressure overload due to hypertensive pulmonary vascular disease, as well as intrinsic RV dysfunction noted by the inability to maintain contractility in the setting of increased afterload. To our knowledge, the current study represents the longest duration of RV pressure overload in an animal model. Intriguingly, the adaptive gene signaling profile previously identified by Drake and colleagues (22) in shorter duration RV pressure overload states, including pulmonary artery banding, remains largely active in this model of chronic pressure overload. Given the predominately adaptive gene profile seen here, yet clear maladaptive features of decreased contractility and mitochondrial dysregulation, it is possible that the adaptive gene signaling profile that is protective in shorter duration models of pressure overload becomes "overwhelmed" by maladaptive features arising with longer-term chronic pressure overload. Alternatively, an intriguing hypothesis is that postnatal hyperoxia exerts a direct noxious effect on the developing RV, independent of that on the pulmonary vasculature, which persists or worsens with aging. The presence of dysregulated mitochondrial dynamics identified in this study, including impaired mitochondrial biogenesis and mitochondrial DNA damage, may suggest a direct deleterious effect of prematurity and Hx on the RV. Clearly, a direct contribution from the coexisting pulmonary hypertension cannot be completely ruled out, as mitochondrial dysfunction and metabolic gene reprogramming within the RV have previously been identified in animal models and humans with pulmonary arterial hypertension (32) (33) (34) . However, these are typically models of RV failure, and mitochondrial dysfunction and impaired biogenesis were not demonstrated in the pulmonary artery banding model of chronic pressure overload (32), which appears more akin, in many ways, to the current postnatal Hx model. Thus, a direct effect of hyperoxia on the immature RV cardiomyocyte should be considered. Although postnatal Hx is known to acutely worsen mitochondrial dysfunction and oxidative stress in the lung, relative hyperoxia, as is encountered at birth into a normoxic environment, is critical to initiate neonatal cardiac mitochondrial biogenesis and oxidative metabolism within the LV (35) (36) (37) (38) . However, (normalized to vinculin) after Hx, all key elements of mitochondrial structure. Representative blots shown (E). An increase in mitochondrial abundance was also supported by increased citrate synthase activity assay in Hx-M (F) as well as an increased ratio of mitochondrial (mt) to nuclear (n) DNA in both Hx-M and Hx-F (G). At 1 year of age, mitochondrial biogenesis markers proliferator-activated receptor g coactivator 1a (H), mitochondrial transcription factor A (I), and peroxisome proliferator-activated receptor-a (J) (assessed by RT-PCR) were all down-regulated after Hx, suggesting biogenesis is not maintained with age after neonatal Hx. Error bars, SEM; n = 6 per group. Analysis by two-way ANOVA with Bonferroni's multiple comparisons test. HSP, heat shock protein; PGC1a, peroxisome proliferator-activated receptor g coactivator 1a; PPARa, peroxisome proliferator-activated receptor-a; TFAM, mitochondrial transcription factor A; VDAC, voltage-dependent anion channel. *P , 0.05, **P , 0.01, ***P , 0.001.
the acute and chronic effects of postnatal hyperoxia on the RV remain unknown.
The hallmark pathologic RV feature identified after postnatal Hx in this study was mitochondrial dysregulation, including decreased mitochondrial biogenesis and evidence of mitochondrial DNA damage, despite increased mitochondrial abundance. Importantly, this paradigm of altered mitochondrial dynamics, including increased mitochondrial abundance, but decreased biogenesis, is frequently encountered in other forms of cardiomyopathy (23, 39) . Early in disease in the compensated hypertrophy stage, there is an increase in mitochondrial biogenesis to maintain energy production, but this wanes over time. Whether biogenesis is up-regulated early in the postnatal hyperoxia model remains to be determined.
The presence of COX 2 /SDH 1 RV cardiomyocytes is highly suggestive of mitochondrial DNA damage, as the catalytic subunits of COX are encoded by mitochondrial DNA, and thus proper synthesis and function are predominately dependent on mitochondrial DNA integrity (19, 40) . This finding is further Figure 5 . mtDNA damage accumulates in RV cardiomyocytes after postnatal Hx. COX/SDH co-staining demonstrates numerous functionally COXdeficient cardiac myocytes (blue, arrowheads) in hyperoxia-exposed animals, suggestive of accumulation of mtDNA damage (A and B). Increased DNA damage was confirmed by a decrease in the ratio of nicotinamide adenine dinucleotide 1 reduced dehydrogenase (ND) 4:ND1 in hyperoxia-exposed animals (C). In addition, hyperoxia-exposed animals have decreased antioxidants, superoxide dismutase (SOD) 1 and SOD2, which may predispose to further oxidant stress (D-F). Images at 403 magnification. Error bars, SEM; n = 4 per group for immunohistochemistry, 6 per group for PCR and Western blots. Analysis by two-way ANOVA with Bonferroni's multiple comparisons test. *P , 0.05, **P , 0.01, ***P , 0.001.
corroborated by the decrease in ND4 relative to ND1, as ND4 is among the most frequently deleted areas of mitochondrial DNA. Interestingly, loss of mitochondrial DNA content has been shown to downregulate modulators of mitochondrial biogenesis, beginning during RV hypertrophy and progressing further with the onset of RV failure (41, 42) . Complete loss of COX activity has previously been suggested to occur when mutation abundance surpasses 90% of the total mitochondrial genome (26) , which would suggest a relatively high burden of mitochondrial DNA damage in Hx animals, particularly males. Surprisingly, we did not identify other features of accelerated cardiac aging in this model, including autophagy and fibrosis, although autophagy is a very dynamic process, and alterations there cannot be fully ruled out.
The finding that males appear to be more affected in this model may be clinically significant. First, male neonates born premature are more likely to develop bronchopulmonary dysplasia, and more likely to have severe disease (43) . Second, strong sex differences also exist among patients with pulmonary hypertension and RV dysfunction, and, although females are more likely to develop pulmonary hypertension, males who do develop the disease have a more severe course (44) . Interestingly, numerous studies have identified decreased antioxidant enzymes and increased reactive oxygen species production in males compared with females (45, 46) , which may have contributed to the sex-specific findings in this study.
Strengths of the current study include the detailed physiologic assessments, clinically relevant long-term nature of the study, and the evaluation of sex as an independent variable. There are limitations to the indirect measures of mitochondrial abundance and function employed in this study, and direct measures of mitochondrial function, including mitochondrial respiration and production of reactive oxygen species, as well as mitochondrial structure by electron microscopy, merits further Figure 6 . Postnatal Hx is not associated with other processes of accelerated aging, including impaired autophagy or enhanced RV fibrosis. Key autophagy proteins, including beclin (A), p62 (B), microtubule-associated protein light chain 3 (C), and lysosome-associated membrane protein 2 (D), were unchanged after postnatal Hx. Representative blots shown (E). Masson's trichrome staining for collagen failed to identify significant differences in RV fibrosis after postnatal hyperoxia (G and H), whereas measurements of hydroxyproline (OH-proline) were lower after neonatal Hx (F). *P , 0.05 for normoxia versus hyperoxia. Images at 403 magnification. Error bars, SEM; n = 4-7 per group for histology, 6 per group for Western blots and OH-proline content. Analysis by two-way ANOVA with Bonferroni's multiple comparisons test. LC3b, microtubule-associated protein light chain 3; LAMP2, lysosome-associated membrane protein 2.
evaluation and is the subject of ongoing investigations in our laboratory. In addition, some of our findings were modest in this aged model, but could be more notable in younger animals or in animals with overt RV failure.
In summary, we have recapitulated the known RV phenotype of human young adults born prematurely, and, in addition, have identified unique alterations in RV mitochondrial regulation in a rodent model of postnatal Hx aged to the equivalent of young to middle-aged adulthood. Our findings of mitochondrial dysregulation may explain, at least in part, the decreased RV function noted in young adults born prematurely. In particular, the findings of mitochondrial DNA damage and dysregulated biogenesis could have significant implications to the thousands of young adults born prematurely, increasing their risk for longterm RV dysfunction, failure, and, ultimately, premature death. Further studies investigating mitochondrial deficiency and dysfunction in early and late time points in both animal models and humans born preterm are warranted. n Author disclosures are available with the text of this article at www.atsjournals.org.
